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Abstract: In this study, electrostatic interactions between sulfonate groups of an immobilized polymer and
the heparin binding domains of growth factors important in cell signaling were exploited to nanopattern the
proteins. Poly(sodium 4-styrenesulfonate-co-poly(ethylene glycol) methacrylate) (pSS-co-pPEGMA) was
synthesized by reversible addition—fragmentation chain transfer (RAFT) polymerization using ethyl
S-thiobenzoyl-2-thiopropionate as a chain transfer agent and 2,2'-azoisobutyronitrile (AIBN) as the initiator.
The resulting polymer (1) was characterized by "H NMR, GPC, FT-IR, and UV—vis and had a number
average molecular weight (M,) of 24 000 and a polydispersity index (PDI) of 1.17. The dithioester end
group of 1 was reduced to the thiol, and the polymer was subsequently immobilized on a gold substrate.
Binding of basic fibroblast growth factor (0FGF) and vascular endothelial growth factor (VEGF) to the polymer
via the heparin binding domains was then confirmed by surface plasmon resonance (SPR). The interactions
were stable at physiological salt concentrations. Polymer 1 was cross-linked onto silicon wafers using an
electron beam writer forming micro- and nanopatterns. Resolutions of 100 nm and arbitrary nanoscale
features such as concentric circles and contiguous squares and triangles were achieved. Fluorescence
microscopy confirmed that bFGF and VEGF were subsequently immobilized to the polymer micro- and

nanopatterns.

Introduction

Patterning cell signaling molecules is important to study cell
behavior on surfaces and for directing cell adhesion for
applications in biomaterials and tissue engineering.' > These
surfaces mimic the extracellular matrix (ECM) to enable cell
attachment and growth. There are many examples of micropat-
terning biomolecules found in the ECM such as fibronectin
peptide segments and growth factors. However, although it is
known that nanoscale presentation of ECM-derived proteins is
critical for cellular response,* only a few examples of patterning
these ligands at the nanoscale have been reported to date. In
particular, dip-pen lithography®® and block-copolymer micelle
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nanolithography” have been used to pattern integrin binding
peptides such as RGD. These examples nicely demonstrate the
importance of nanoscale presentation of these ligands. However,
despite the importance of growth factors for stimulating cellular
response, to our knowledge there have been no examples of
patterning these proteins at the nanoscale. Doing so would
provide access to fabricated surfaces that better mimic the ECM
in order to improve our understanding and control over cell
behavior. Herein, we describe a straightforward way to im-
mobilize growth factors into nanopatterns utilizing electron beam
(e-beam) lithography to cross-link a specially designed heparin-
mimicking polymer into desired features.

Growth factors are proteins that transmit signals to control
cellular activities by stimulating or inhibiting cell division,
differentiation, migration, or gene expression.” Basic fibroblast
growth factor (bFGF) and vascular endothelial growth factor
(VEGF) are two important proteins of this class. VEGF
stimulates endothelial cell growth, migration, and survival to
form new blood vessels.® bFGF causes migration and prolifera-
tion of many cell types important in wound healing.® Because
of these advantageous properties, although nanoscale patterns
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have yet to be achieved, immobilization of VEGF and bFGF
on surfaces either without patterns or in micropatterns has been
demonstrated. T. Tagushi et al. conjugated VEGF by first
polymerizing acrylic acid from a poly(ethylene) surface to obtain
a poly(acrylic acid)-grafted-poly(ethylene) film.'” VEGF was
then immobilized onto the polymeric film by coupling of the
amine residues with the carboxylic acids on the surface. It was
found that co-immobilization of VEGF with fibronectin resulted
in increased cell growth. Backer showed that site-specific
conjugation of an active Cys-tagged single chain VEGF to
fibronectin followed by its immobilization onto tissue culture
plastic surfaces was efficient for promoting cell growth.'’
Kitajima formed VEGF micropatterns via photolithography by
coating a silicon surface with a mixture of VEGF and a
photoreactive gelatin and UV irradiation.'* Matsuda patterned
photoactive bFGF and other growth factors onto surfaces using
color ink jet printers,'® while Birch and co-workers formed
micropatterns of poly(ethylene glycol) (PEG) hydrogels with
embedded VEGF."* The patterns were made by coating VEGF,
poly(ethylene glycol) diacrylate, and 2,2'-dimethoxy-2-pheny-
lacetophenone onto a silicon surface and exposing to UV light.
In this report, we describe a new method to pattern bFGF and
VEGEF at both the micron- and nanoscale that utilizes e-beam
lithography.

For nanopatterning, it is important that the biomolecules are
site-selectively conjugated to surfaces. Random attachment can
lead to reduction in bioactivity of the attached protein,'> and as
feature sizes are reduced to the nanoscale, such losses become
increasingly significant. VEGF and bFGF bind with high affinity
to the polysaccharide heparin, which provides a way for site-
selective immobilization of these proteins. Heparin is a sulfated
polysaccharide with 2-amino-2-deoxyglycose and L-iduronic
acid as repeat units that binds to regions of clustered positive
charges on the surfaces of the growth factors called the heparin
binding domains. In the ECM, heparin stores and protects bFGF
and VEGF”*'® and thus could have the additional advantage
of stabilizing the growth factors on surfaces. Indeed, this affinity
has been exploited to pattern the proteins at the microscale.'”>°
We envisioned that this strategy could be employed to pattern
proteins at the nanoscale. However, heparin has major limita-
tions in that it is difficult to modify and typically exhibits batch-
to-batch variability in structure and bioactivity.'® Such limita-
tions are not a concern with synthetic polymers. We thus
examined whether a polymer could be prepared that could bind
to the heparin binding domains of bFGF and VEGF and also
be readily patterned on a surface.
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Heparin can be mimicked by molecules that contain groups
similar to those in the polysaccharide, typically sulfonates or
sulfates. For example, small molecules, including S-cyclodextrin
tetradecasulfate and suramin, exhibit similar biological activities
to heparin.?' =% In addition, negatively charged polymers and
those with side chain amino acids or saccharides have been
reported.”* >* We chose to incorporate sodium 4-styrene-
sulfonate (SS) into our polymer because, like heparin, polySS
had been shown to protect growth factors and have antiangio-
genesis behavior.>'? These results suggested that exhibited
activity arose primarily from binding of the polymer to bFGF,
although this was not directly shown. Using surface plasmon
resonance (SPR), we demonstrated for the first time that a
polymer containing 4-styrenesulfonate does indeed bind to bFGF
and VEGEF at the heparin binding domains. We further exploited
this binding to immobilize growth factors onto surfaces.

E-beam lithography was employed to prepare patterns of the
heparin-mimicking polymer. When exposed to focused electron
beams, PEG cross-links to surfaces of either the native oxide
of silicon® or a PEG silane,***” forming hydrogel materials.
The process is believed to occur through hydrogen abstraction
and coupling of the resulting polymer radicals.*®*® The mech-
anism is proposed to be similar for alkoxy radical-mediated
cross-linking of PEG.*° Therefore, PEG methacrylate (PEGMA)
was incorporated into the heparin-mimicking polymer so that
the PEG side chains could be exploited to pattern the polymer;
the polySS portion of the polymer would in turn bind the growth
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Figure 1. Conjugation of proteins to nanopatterns of a heparin-mimicking polymer. (a, b) Films of poly(styrenesulfonate-co-PEG methacrylate) 1 are
exposed to electron beams to cross-link the polymer to the surface via radical coupling of the PEG side chains. (¢) VEGF and (d) bFGF are conjugated to
the surfaces via interaction of the heparin binding domains with the polymer. Protein representations obtained from the PDB (1VPF, 1BFG).

factors (Figure 1). In this report, the synthesis, heparin-
mimicking ability, and patterning of poly(sodium 4-styrene-
sulfonate-co-poly(ethylene glycol) methacrylate) (pSS-co-
PEGMA) are described. Subsequent immobilization of VEGF
and bFGF into micron and nanometer-sized features is also
discussed.

Results and Discussion

Synthesis of pSS-co-PEGMA. Reversible addition—fragmentation
chain transfer (RAFT) polymerization was employed to syn-
thesize pSS-co-PEGMA, 1 (Scheme 1). In recent years con-
trolled radical polymerization techniques such as RAFT*'*?
polymerization, atom transfer radical polymerization (ATRP),***
and nitroxide-mediated polymerization (NMP)** have been
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widely used for the synthesis of well-defined polymers with
defined end groups. Sulfonated styrene and other sulfonated
monomers have been successfully polymerized utilizing all of
these methods.*>*¢~° For this particular study, we chose RAFT
polymerization for several reasons. First, RAFT is known to
be robust, tolerating a wide range of monomers and solvents
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Scheme 1. Synthesis and Reduction of pSS-co-PEGMA
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including water,’”-3® which was utilized as a cosolvent in the

polymerization. Second, reversible chain transfer agents (CTAs)
such as dithioesters or trithiocarbonates are employed in RAFT
polymerization. These agents are present at the chain ends of
the resultant polymers and can be exploited for further elabora-
tion including immobilization onto gold surfaces.>® This feature
was useful for us to investigate the interaction of VEGF and
bFGF with the polymer because the polymer could be readily
immobilized onto gold coated SPR chips for binding studies,
as described below.

PEGMA and sodium 4-styrenesulfonate in a DMF:H,O
mixture were polymerized at 90 °C with ethyl S-thiobenzoyl-
2-thiopropionate as the CTA and 2,2'-azobisisobutyronitrile
(AIBN) as the initiator. The polymerization was stopped after
18 h, and the polymer was purified by dialysis in water. The
copolymer 1 recovered as a pink solid after lyophilization had
a number average molecular weight (M,) by GPC (ESI, Figure
S1, Supporting Information) of 24 000 Da and a narrow
molecular weight distribution (polydispersity index of 1.17). The
initial feed ratio of SS to PEGMA was 3:1, and upon close
examination of the 'H NMR spectrum of the polymer (ESI,
Figure S2, Supporting Information) it was determined that the
final ratio was approximately 2.2:1. The IR spectrum of polymer
1 (Figure 2a) contained peaks pertaining to both the SS and
PEGMA. The C=O0 stretch of the ester at 1718 cm ™!, the C—O
stretch of the PEG at 1100 cm ™', and the peaks at 1181, 1123,
and 1036 cm™' corresponding to the aryl SO stretches were
visible. Because of peak overlap in the aromatic region of the
spectrum, end group analysis of pSS-co-PEGMA was not
possible by "H NMR. Therefore, UV—vis spectroscopy was
employed. The spectrum of the dithioester CTA had two peaks
corresponding to the thiocarbonyl moiety. A strong absorbance
at 301 nm in methanol was attributed to the w—sr* transition
and a weak absorbance at 497 nm was from the n-sr*transition.
The sr—m* transition was also visible in the polymer at 303
nm, indicating that the dithioester group was present in polymer
1. Taken together, these results demonstrated that preparation
of this polymer, containing both sulfonate and PEG side chain
units and a dithioester end group, was readily achieved by RAFT
polymerization.

Binding of bFGF and VEGF to pSS-co-PEGMA. SPR studies
were undertaken to confirm binding of bFGF and VEGEF to 1.
SPR is widely employed to study binding events.>**° To conduct
these studies, the polymer was immobilized onto a gold-coated
SPR chip. Polymer 1 was treated with an excess of n-butylamine
to reduce the dithioester group to a thiol group (Scheme 1).°'
The reaction was stopped after 2 h, and after precipitation, pSS-
co-PEGMA 2 was recovered as a white powder. The polymer
was immediately dissolved in methanol and immobilized onto
a gold coated SPR chip. Polymer immobilization was confirmed
by surface IR (Figure 2b).
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Figure 2. FT-IR spectra of (a) PSS-co-PEGMA 1 powder and (b) PSS-
co-PEGMA 2 immobilized on a gold surface.
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Figure 3. SPR analysis of growth factor binding to immobilized pSS-co-
PEGMA. (a) Injection of yellow line: 0.5 ug/mL, green line: 0.2 ug/mL,
red line: 0.1 ug/mL of bFGF, blue line: 0.2 ug/mL bFGF in the presence
of 20 ug of heparin, and gray line: 0.2 ug/mL of control protein BSA. (b)
Injection of yellow line: 0.5 ug/mL, green line: 0.2 ug/mL, blue line: 0.1
ug/mL of VEGF, red line: 0.2 ug/mL VEGEF in the presence of 20 ug of
heparin. Solution: PBS containing 0.1% Triton X. Surfaces were regenerated
with phosphate buffer containing 4 M NaCl. Protein representations were
obtained from the PDB (1VPF, 1BFG).

SPR measurements were performed utilizing a Biacore X
instrument. For all measurements, 50 uL of the protein sample
in phosphate buffer saline (PBS) with 0.1% Triton X was
injected. After every protein injection, the chip was washed with
40 uL of a regeneration buffer containing high salt (4 M NaCl)
to disrupt electrostatic interactions. In this manner, binding of
VEGF and bFGF was studied using bovine serum albumin
(BSA) as a control.

SPR analysis revealed that both VEGF and bFGF bound to
pSS-co-PEGMA in a dose-dependent manner (Figure 3). bFGF
was injected at different concentrations (Figure 3a): 0.1 ug/mL
(red line), 0.2 ug/mL (green line), and 0.5 ug/mL (yellow line).
As expected, increasing the concentration of bFGF from 0.1 to
0.5 ug/mL resulted in a greater response, which indicated that
the protein was binding to the polymer. Moreover, when a
solution of 0.2 ug/mL of bFGF containing 20 ug of heparin
was injected, the response (blue line) was greatly reduced
compared to 0.2 ug/mL of bFGF alone (green line). This result
demonstrated that heparin competed with the polymer for
binding of bFGF. Control protein BSA, which does not bind to
heparin, did not bind to the polymer (Figure 3a, gray line) which
further suggested that the heparin binding domain was necessary

Figure 4. Fluorescent images of (a) bFGF and (b) VEGF immobilized
onto pSS-co-PEGMA micropatterns. VEGF and bFGF were visualized with
antibody staining. Each patterned square is 5 um by 5 um in size.

for binding. SPR studies with VEGF revealed similar results
(Figure 3b). Increasing the concentration of VEGF from 0.1 to
0.5 ug/mL resulted in an increased response. When 0.2 ug/mL
of VEGF with 20 ug of heparin was injected, a decrease in the
response units (RU) was also observed (red compared to green
line), which indicated competitive binding. Taken together, these
data demonstrated that bFGF and VEGF bound to the polymer
and that the binding likely occurred at the heparin binding
domains. It was not possible to quantify the affinity constants
using the experimental configuration utilized to obtain the traces
in Figure 3, because the entire chip surface was modified by
the polymer; an unmodified control channel is required to
determine affinity constants by SPR. We are currently working
on obtaining these values by other methods.

Next, SPR was employed to determine the stability of the
growth factor-polymer binding to added salt. This stability is
important for applications in medicine. After addition of the
growth factors, solutions of increasing salt concentration were
injected. Results indicated that salt concentrations significantly
higher than 150 mM, the physiological salt concentration, were
necessary to disrupt binding (ESI, Figure S3, Supporting
Information). This was expected as it is known that high salt is
necessary to disrupt the growth factor binding to heparin.®*%
These results suggest that these patterned surfaces may be used
in cell culture.

Micropatterning. Protein immobilization was first explored
on micropatterned substrates. Polymer 1 was spin-coated onto
a piranha-cleaned Si wafer from a 1% solution in methanol at
2000 rpm (RPM). The film was exposed to e-beams with an
area dose of 1100 4C/cm? in order to cross-link the polymer at
the sites of exposure. Un-cross-linked polymer was removed
by washing with methanol and water. The substrate was then
incubated with either VEGF or bFGF in PBS for 1 h followed
by rinsing. The immobilized VEGF was labeled with a mouse
anti-VEGF antibody for 1 h, while bFGF was labeled with a
sheep anti-bFGF antibody for 1 h. Both proteins were visualized
with Alexa Fluor 488 secondary antibodies.

Fluorescence microscopy imaging confirmed binding of both
bFGF (Figure 4a) and VEGF (Figure 4b) where the antibodies
were visible within the polymer patterns. The fluorescent
intensity appeared to be different between the two proteins. The
proteins were stained with different antibodies; it is not
unexpected that variations in antibodies can lead to differences
in fluorescent intensities. Controls were performed to elucidate
the specificity of binding. First, growth factor patterns were
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Figure 5. (a) Nanoscale patterns of pSS-co-PEGMA are visible in the
height image taken with an atomic force microscope in tapping mode. Lines
approximately 100 nm in width forming a square, triangle, concentric square,
and circle are observed. Fluorescent image of (b) bFGF and (c) VEGF bound
to the nanopatterns with antibody staining. Scale bar = 5 um.

incubated with secondary antibodies, in the absence of the
primary antibodies. Polymer patterns without growth factors
were also incubated with both antibodies. In both cases, no
fluorescence was observed. Binding specificity through the
heparin binding domain was also confirmed by adding an excess
of heparin to the solutions of VEGF and bFGF prior to
incubation on the surfaces. The fluorescence decreased by 55%
for VEGF and 66% for bFGF (ESI, Figure S4, Supporting
Information). This correlated with the SPR results where the
heparin decreased the binding but did not eliminate it (the
decrease for VEGF was approximately 50% and for bFGF 80%).
Binding of these growth factors to heparin is known to be
primarily electrostatic,'® although hydrophobic interactions are
thought to play an additional role.®* Thus, the residual binding
of the growth factors in the presence of heparin may be due to
hydrophobic interactions with the polymer backbone. These
results demonstrated that the PEG component of copolymer 1
was effective for radical cross-linking of the polymer to the
surface and that the proteins bound to the patterns. These data
also validate the SPR results that binding of the growth factors
to the polymer is primarily through the heparin binding domain.

Nanopatterning. We further fabricated nanopatterns of bFGF
and VEGF using these methods. E-beam lithography is a
nanofabrication technique that can readily achieve arbitrary
shapes, sizes, and curvatures. To demonstrate this versatility,
we cross-linked the polymer into 100 nm wide lines with four
different shapes, each within an approximately 5 um? area.
Atomic force microscopy (AFM) images showed nanoscale
features forming two different squares, a circle, and a triangle
(Figure 5a). Growth factor immobilization to the nanopatterns
was investigated in the same fashion as for the micropatterns.
Fluorescent microscopy images confirmed binding of bFGF
(Figure 5b) and VEGF (Figure 5c) to the pSS-co-PEGMA
nanopatterns. The features and spaces between the nanopatterns
were below the resolution of the fluorescence microscope, such
that the details of the nanopatterns were not resolved in the
images. Yet, because the nanometer lines were spaced close
together, the overall shapes (squares, triangle, and circle) were
visible by fluorescence microscopy. These results illustrated that
heparin-mimicking nanopatterns were generated and that growth
factors were readily immobilized on the surfaces.

Conclusions

Herein, we describe the synthesis of well-defined poly(sodium
4-styrenesulfonate-co-poly(ethylene glycol) methacrylate) by
RAFT polymerization and that the polymer bound to the heparin
binding domains of bFGF and VEGF. Compared to heparin,

16590 J. AM. CHEM. SOC. = VOL. 130, NO. 49, 2008

pSS-co-PEGMA is significantly easier to modify, is well-
defined, and contains biocompatible PEG units. In addition, the
sulfonate groups are nonhydrolyzable compared to the acid labile
sulfate groups of heparin. Thus, we anticipate that, in addition
to utilizing this polymer for surface immobilization of growth
factors, this polymer will be useful to replace heparin in hydrogel
materials for growth factor delivery or as a soluble drug. We
are interested in heparin-mimicking materials and are currently
investigating this possibility. Our future work will also focus
on comparing growth factor—polymer 1 binding to other
sulfonated and sulfated polymers.

In this study, cross-linking the polymer via the PEG units to
the native oxide of Si using e-beam lithography for micro- and
nanopatterning of VEGF and bFGF was illustrated. The polymer
bound to the heparin binding domains of bFGF and VEGF and
site-selectively anchored the proteins to the surface. Heparin is
known to stabilize these growth factors from denaturation and
inactivation. This is particularly important for bFGF which is
known to degrade upon storage.®* Thus, we anticipate that
conjugation of the growth factors to pSS-co-PEGMA features
should lead to retention of bioactivity. This point is critical for
nanoscale patterning of proteins, and we are currently investi-
gating the bioactivity of these surfaces. In particular, these
proteins are known to elicit important biological pathways that
involve cell adhesion, proliferation, and differentiation. Im-
mobilization of growth factors at the nanoscale via this heparin
binding polymer, alone or in conjunction with integrin binding
peptides, should provide surfaces that allow us to probe and
control cell behavior. This is important to mimic the ECM and
understand critical spacing and separations required to direct
cellular response and cell differentiation by nanoscale surface
cues, as well as to generate physiologically relevant gradients.
Other possible applications include capture agents for proteomics
and anticoagulant surfaces.

Experimental Section

Materials. AIBN was purified by recrystallization from ethanol.
Ethyl S-thiobenzoyl-2-thiopropionate was synthesized using a
previously described procedure.®®> VEGF refers to the VEGF ¢s
isoform and was expressed from E. coli as previously described.®®
bFGF was purchased from R&D Systems. Heparin Sodium Salt
grade I-A, 50 000 units, from porcine intestinal mucosa, ~170 USP
units/mg was purchased from purchased from Sigma Aldrich. All
other reagents were purchased from Aldrich or Acros and utilized
as received.

Instrumentation. '"H NMR spectra were acquired on a Bruker
DRX 500 MHz spectrometer. GPC was conducted on a Shimadzu
HPLC system equipped with a refractive index detector RID-10A
and two Polymer Laboratories PLgel 5 um mixed D columns (with
guard column). Near-monodisperse poly(methyl methacrylate)
(PMMA) standards (Polymer Laboratories) were employed for
calibration. Lithium bromide (0.1 M) in N,N-dimethylformamide
(DMF) at 40 °C was used as the solvent (flow rate: 0.8 mL/min).
UV —vis spectroscopy analysis was performed with a BioMate 5
Spectrophotometer (Thermo Spectronic Instruments). Infrared
spectrum of polymer 1 was obtained with a Perkin-Elmer Spectrum
One instrument equipped with a universal ATR accessory. The
surface IR spectrum was obtained using a Jasco 670 Plus FTIR
spectrometer equipped with a MCT detector and a variable angle
ATR-FTIR accessory (Harrick Scientific). The spectrum was
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recorded over 1000 scans using a hemispherical germanium ATR
crystal at an angle of 65° and a scan resolution of 4 cm™".

Synthesis. General Method for Synthesis of pSS-co-
PEGMA 1. In a 25 mL air-free reaction flask sodium 4-styrene-
sulfonate (1.13 g, 5.48 mmol), poly(ethylene glycol) methyl ether
methacrylate (0.52 mL, 1.83 mmol), ethyl S-thiobenzoyl-2-thio-
propionate (0.03 mL. 0.15 mmol), and AIBN (0.012 g, 0.073 mmol)
were dissolved in a 1:1 mixture of DMF:H,O (3.2 mL). The mixture
was subjected to three freeze/pump/thaw cycles to eliminate oxygen
from the reaction flask and then warmed to 90 °C to initiate the
polymerization. The polymerization was halted after 18 h by placing
the reaction vessel in liquid Ny, followed by exposure to air. The
polymer was purified by dialysis against water for 2 days. PSS-
co-PEGMA 1 was recovered as a pink solid after lyophilization.
'"H NMR (D,0): 6 8—6 (4H, aromatic ring), 4.3—2.9 (20.5 H,
OCH,), 2.9—0 (8H, polymer backbone). The ratio of SS to PEGMA
in the final polymer was 2.2:1. The exact procedure utilized to
determine this ratio is discussed in the ESI. FT-IR (cm™'): 3443.5,
2920.1, 1718.0, 1638.3, 1601.5, 1494.5, 1451.5, 1410.9, 1383.5,
1350.8, 1181.7, 1123.9, 1100.0, 1036.4, 1008.9, 947.6, 832.3, 773.7,
670.3 cm™!. M, (GPC) = 24000; PDI = 1.17. UV—vis: Anax
(r—m*) = 303 nm.

Surface Plasmon Resonance (SPR). SPR measurements were
performed using a Biacore X instrument equipped with a gold
sensor chip (Biacore). SPR chips coated with PSS-co-PEGMA were
prepared as follows. The polymer was first reduced following a
literature procedure.61 Briefly, in a 10 mL round-bottom flask 1
(0.10 g, 0.0045 mmol) and n-butylamine (0.010 mL, 0.091 mmol)
were dissolved in dry methanol and stirred for 2 h under argon at
25 °C. Polymer 2 was purified by precipitation from cold ether
and dried under vacuum. Freshly reduced polymer was immobilized
on a piranha (4:1 sulfuric acid:30% hydrogen peroxide, CAUTION)
cleaned SPR chip by incubating the chip with the polymer dissolved
in 2 mL of dry methanol for 12 h. The chip was rinsed with water
and dried with a stream of argon. VEGF, bFGF, or BSA were
diluted to the appropriate concentration in PBS containing 0.1%
Triton X. This solvent was also used as the buffer system for the
SPR measurements. For all measurements this regimen was
followed: 50 uL of a protein sample was injected at a flow rate of
5 uL/min, followed by 40 uL of phosphate buffer containing 4 M
NaCl regenerating buffer at a flow rate of 40 xL/min. One minute
after completion of the run, the next sample was injected.

Pattern Formation. A 1% solution of 1 in methanol was spin-
coated onto a piranha-cleaned Si wafer at 2000 RPM. E-beam
lithography was performed with a JEOL 5910 scanning electron
beam microscope. Pattern files were created in DesignCAD 2000
and used by a JC Nabity lithography system (Nanometer Pattern

Generation System, Ver. 9.0). Micropatterns were exposed using
an area dose of 1100 xC/cm?®. Nanopatterns were exposed using a
line dose of 60 nC/cm. The beam current for both the micro- and
nanopatterns was 4.8 pA. After exposure, unreacted PSS-co-
PEGMA was then rinsed away with methanol and water.

Atomic Force Microscopy (AFM). AFM images were taken
with a Digital Instruments Dimension 3100 scanning probe
microscope (Veeco) equipped with a LIV scanner operating in
tapping mode. Images were taken at a scan rate of 1.5 Hz with a
resolution of 512 x 512 pixels.

Fluorescence Visualization. Patterns were incubated with either
VEGF (20 ug/mL) or bFGF (25 ug/mL) for 1 h and then rinsed
for 10 s with PBS. VEGF patterns were labeled with a mouse anti-
VEGEF antibody (1.3 ug/mL, Zymed) for 1 h, rinsed for 10 s with
PBS, stained with Alexa Fluor 488 goat antimouse secondary
antibody (10 ug/mL, Invitrogen) for 30 min, and then rinsed for
10 s with PBS. bFGF patterns were labeled with a sheep anti-bFGF
antibody (1:1000 dilution, Chemicon International) for 1 h, rinsed
for 10 s with PBS, and stained with Alexa Fluor 488 donkey
antisheep secondary antibody (10 pg/mL, Invitrogen) for 30 min,
and then rinsed for 10 s with PBS. All samples were visualized by
using a Zeiss Axiovert 200 fluorescent microscope equipped with
an AxioCam MRm monochrome camera, and pictures were
acquired and processed using AxioVision LE 4.1. Signal to noise
determination is provided in the ESI.
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